ABSTRACT In this paper we study the design and modelling of a new rotary actuator that has been developed at the University of Waterloo using shape memory alloy springs. Shape memory alloys (SMAs) have the property that they can be subjected to a large deformation when it is below martensite temperature and it recovers its original shape when it is heated over austenite temperature. In other words, a SMA can directly convert thermal energy to mechanical work! It is also interesting to note that among low and medium range actuators SMAs have the highest power to weight ratio. The designed actuator in this work is a two-way actuator and is made of NiTi SMA springs. It is modular and large rotations can be o btained using extra m o dules. The actuator design is rst explained and then, the Ikuta's model is modi ed to derive a mathematical representation of the actuator. Using experimental and simulation results the mathematical model is veri ed.
INTRODUCTION
The secret behind the SMAs behavior is in their crystalline structure. In low temperatures they have a martensite structure which in turn results in a more elastic/plastic behavior. Increasing the temperature converts the structure to austenite with much higher modulus of elasticity. As a result, the strain of a shape memory alloy under a constant tensile force changes as temperature varies. SMAs can be formed from a wide range of elements but only those that can generate signi cant f o r c e o r can recover large strain are of commercial interest. Nitinol (NiTi) consists of nearly equal amounts of nickel, and titanium and is the most widely used SMA. In this research Nitinol springs from Mondo-Tronic Inc. are used for their high strength, large strain recovery capability and reasonable price.
SMA based actuators are becoming increasingly popular due to high power to weight ratio, smooth and silent operation, and less contamination. These features are quite important in miniaturized robotics, clean room and pharmaceutical applications. Kuribayashi in 1] studied a rotary joint actuator using two opposing SMA wires. He examined the characteristics of the SMA hysteresis when the strain was allowed to reverse in very small amounts at various points within the hysteresis. Ikuta et al in 2] expanded their sublayer model to include R-phase. Using solid mechanics laws they modelled mechanical properties of a SMA in its three phases, and using thermodynamics laws they modeled thermoelastic transformation. Madill et al in 3] improved Ikuta's model to predict minor hysteresis FIGURE 1. SMA Actuator behavior. Using experimental analysis, they have veri ed the model and studied the closed loop stability. In 4] a linear actuator for robotic applications is studied. This actuator is made of NiTi bers. Using SMA bers have reduced the time constant to as low as 40 miliseconds. A variable structure control system is used to control the pulse width and current amplitude.
ACTUATOR DESIGN Figure 1 shows a 3-D model of the actuator.
The front bracket in which the shaft and the power terminals are mounted, is removed for a better view of the springs arrangement. There are two sets of springs which make t wo spirals in opposite directions. When one of the spirals is powered, the associated springs shrink and cause a rotational motion in the output shaft. As seen in Figure 1 there are six arms to each two springs are connected. Since, each arm is connected to two springs the actuator can rotate in two opposite directions and is a two-way actuator. All arms are free to rotate about the shaft except the last one which is coupled to the output shaft via a set screw.
MATHEMATICAL MODELLING Shape memory alloys exhibit two main crystalline phases, austenite or parent phase, and martensite phase. The two phases can coexist in the material. At l o w temperatures martensite phase predominates while at high temperatures austenite phase predominates. Ikuta 2] proposed variable sublayer model to represent coexistence of martensite and austenite phases in a SMA wire. According to this model the stress induced in a wire is the sum of stress induced in martensite and austenite fractions. The thickness of each phase is proportional to the volumetric fraction of crystal phase in the wire that is a function of tem- Figure 2a , where R p and R m are the thickness of austenite and martensite, respectively. Using this model Ikuta introduced his mathematical model for a SMA wire with the main idea that the total stress in the wire is proportional to the sum of stresses in the martensite and austenite phases.
Since SMA springs are used in our prototype actuator we extend the sublayer model to shear stress. We assume a linear relation between shear stress and strain in a SMA wire. Figure 3b .
Since the values of shear moduli in equation (1) are not known we conducted experiments to determine them empirically. Figure 4 
SIMULATION AND EXPERIMENTAL STUDY Using equation
(1) and the shear moduli obtained from the experiments, we verify the model. The simulated and experimental response of the actuator with one module are shown in Figure 5 . In both plots a pulse width modulated current with 50% duty cycle and 4.5 A amplitude is applied to the spring. As seen in Figure 5 the simulation match the experiment. Hence, the mathematical model can be used to design a controller and can be applied to the multi-module actuator shown in Figure 1 .
